ABSTRACT The western bean cutworm, Striacosta albicosta (Smith) (Leptidoptera: Noctuidae) is a pest of corn (Zea mays L.) and dry beans that underwent a dramatic range expansion in North America during the 1st decade of the 21st century. Research into the population genetics of this species has been hindered by a lack of genetic markers. The transcriptome of adult male S. albicosta was partially sequenced using Illumina sequencing-by-synthesis. Assembly of the sequence reads yielded 16,847 transcript sequences, of which 6,631 could be assigned a putative function. A search for single nucleotide polymorphisms (SNPs) identiÞed 2,487 candidate SNPs distributed among 1,265 transcripts. A panel of 108 candidate SNPs was selected for empirical testing, of which 68 proved to be assayable polymorphisms that are suitable for population studies. This work provides signiÞcant genetic resources for studying S. albicosta and demonstrates the power of applying of secondgeneration sequencing to previously understudied species.
Genetic markers, especially DNA markers, have become indispensable tools for population and ecological genetics. Populations of a huge variety of insects have been studied using DNA markers, including many species that are detrimental to human wellbeing because they are pests of agriculture or urban environments or vectors of disease (Behura 2006) . Periodically, the signiÞcance of an arthropod pest increases dramatically and unexpectedly. Often, this situation arises when a species is introduced into a new location and becomes invasive (e.g., Miller et al. 2005 , Lombaert et al. 2010 , Suhr et al. 2010 or suddenly expands its existing range into new territory or ecological niches (Samarasekera et al. 2012) . These events can provoke a need for rapid research on the species in question, including a demand for markers to use in genetic studies.
A recent example of an insect that has suddenly become the subject of intensiÞed interest is the western bean cutworm, Striacosta albicosta (Smith). This noctuid has long been recognized as an occasional pest of corn (Zea mays L.) and dry beans, largely conÞned to the Great Plains (Hoerner 1948; Hagen 1962 Hagen , 1963 . At the turn of the 21st century, large, economically damaging populations of S. albicosta were observed for the Þrst time in the United States east of the Missouri River (OÕRourke and Hutchinson 2000) . This event heralded the start of an explosive eastward range expansion. By 2009, S. albicosta was to be found as far east as Pennsylvania (Tooker and Fleischer 2010) .
The spectacular range expansion of S. albicosta has, unsurprisingly, prompted a number of hypotheses regarding its cause. Dorhout and Rice (2010) have suggested that the adoption of Cry1Ab-expressing transgenic corn has opened up an ecological niche because S. albicosta is much less sensitive to the toxin than is Helicoverpa zea (Boddie). Both species are ear feeders, but the more agressive H. zea larva typically will kill any other lepidopteran larva on the same plant (Dorhout and Rice 2010) . Another suggestion is that the range expansion is associated with a recent escape from pathogens that otherwise kept populations low and relatively sedentary (Dorhout 2007 ). An alternative hypothesis is that the species recently managed to cross a physical barrier associated with the Missouri River (Miller et al. 2009a) .
No deÞnitive evidence has been found in support of any of these hypotheses. However, a study of mitochondrial DNA variation found no evidence of reduced genetic diversity in newly-established eastern populations. Reduced diversity would be expected for a bottleneck associated with a small pioneer population being transported by chance beyond a stable physical barrier (Miller et al. 2009a ). The mitochondrial DNA study therefore favored hypotheses that invoke a loss of constraint to mass eastward movement of S. albicosta. Although this study provided some This article reports the results of research only. Mention of a proprietary product does not constitute an endorsement or a recommendation by the USDA for its use.
clues to the cause of the range expansion by S. albicosta, the power of mitochondrial DNA sequencing to detect subtle changes in genetic diversity is limited because the mitochondrial genome is a single genetic locus. Mitochondrial DNA sequencing was selected as a genetic marker system because, at the time, no nucleic acid sequence data were available for S. albicosta. Under such circumstances mitochondrial DNA is appealing because it can be examined using universal polymerase chain reaction (PCR) primers that will amplify regions of the mitochondrial genome in most arthropods (Simon et al. 1994) .
The obligatory selection of a less-informative marker system for our earlier study highlights a fundamental dilemma when investigating the genetics of previously understudied species. The preferred genetic markers for population genetic studies are usually multiple independent single locus codominant markers such as microsatellites and single nucleotide polymorphisms (SNPs) (Miller et al. 2009b ). These markers generally require a signiÞcant amount of time and resources to be expended to Þrst identify and then develop assays for polymorphic loci. This problem is particularly acute when studying Lepidotera, for which the development of reliable microsatellite markers is often extremely challenging. Lepidopteran genomes contain mobile elements that generate duplicate microsatellite loci, including associated ßank-ing sequences throughout the genome (Meglé cz et al. 2007 , Coates et al. 2009 ). In contrast, genetic markers that are initially easier and cheaper to develop have less power to detect demographic changes and population structure. The power of mitochondrial DNA is limited because all sites on the mitochondrial genome are linked and therefore not independent. Anonymous "Þngerprinting" techniques like ampliÞed fragment length polymorphism and random ampliÞcation of polymorphic DNA suffer because they generate markers with dominant inheritance and the (sometimes unrealistic) assumption usually must be made that individuals within predeÞned groups are mating at random (Bonin et al. 2007) .
Recent advances in nucleic acid sequencing, commonly referred to as next-or second-generation sequencing, have the potential to ease the dilemma of genetic marker selection by greatly accelerating the discovery of many codominant genetic markers. Here, we describe the application of second-generation sequencing to the transcriptome of western bean cutworm as a rapid and relatively inexpensive way to discover SNP markers and gene sequences from a previously under-studied insect.
Methods
Insect Sampling. Adult male S. albicosta were collected from four locations in Yuma and Phillips counties, northeast Colorado on the night of 21st-22nd July 2008. Four wire-mesh 75-cm-diameter Hartstack cone traps (Hartstack et al. 1979 , Reardon et al. 2006 , baited with S. albicosta sex pheromone (Tré cé , Adair, OK) were placed at each location and left overnight.
Captured moths were anesthetized with carbon dioxide and transferred to round plastic containers (80 mm in diameter by 80 mm deep), the lids of which had windows covered in wire mesh to allow ventilation. The containers were placed in insulated coolers with ice packs to minimize moth mortality. The insects were transported to the USDA-ARS CICGRU laboratory in Ames, IA. Moths that survived transport were placed in 1.5-ml microcentrifuge tubes, ßash-frozen in liquid nitrogen, and stored at Ϫ80ЊC until required for RNA extraction.
Preparation and Sequencing of Normalized cDNA. Sixteen adult male S. albicosta were ground together under liquid nitrogen using a pestle and mortar. The pulverized tissue was mixed with 16-ml TRIzol reagent (Invitrogen, Carlsbad, CA) and transferred to a 50-ml disposable centrifuge tube. The suspension was centrifuged at 4,000 ϫ g, 4ЊC for 15 min to pellet exoskeleton particles and other insoluble debris. Total RNA was extracted from the supernatant by following the manufacturer-supplied protocol for TRIzol and was resuspended in 50-l nuclease-free water. The concentration and purity of the RNA solution was estimated using a Nanodrop UV-spectrophotometer (Thermo ScientiÞc, Wilmington, DE).
Messenger RNA was puriÞed from 3.3 mg total RNA by using an Ambion Poly(A)Purist kit (Invitrogen), by following the manufacturerÕs protocol, and dissolved in 30-l nuclease-free water. The concentration of the mRNA solution was estimated using a Nanodrop UV-spectrophotometer. Double-stranded cDNA was synthesized from 1-g mRNA by using a MINT kit (Evrogen, Moscow, Russia) and then normalized using a TRIMMER kit (Evrogen) by following the manufacturerÕs protocols. The normalized cDNA sample was sent to the Iowa State University DNA Facility for sequencing using a Genome Analyzer II (Illumina, San Diego, CA). The ISU DNA Facility processed the cDNA sample by following IlluminaÕs published protocols for genomic DNA and sequenced the sample in two lanes of a 75-base single read run. Sequence read data were deposited with the NCBI Sequence Read Archive (Accession SRA010931).
Sequence Assembly. Before assembly, low-quality reads were removed using a custom Python (van Rossum and de Boer 1991) script that made use of the Biopython libraries (Cock et al. 2009 ) to Þlter the FASTQ-formatted read data. The script removed bases from both ends of the reads until the ends were composed of Þve consecutive bases with quality scores of 10 or more. After removing low-quality ends, the script removed reads that were Ͻ35 nucleotides long or contained any windows of Þve nucleotides where the mean quality score was below 15. The Cross match (Gordon et al. 1998) program was used to identify regions of the quality-Þltered reads that matched the sequences of the adapters and primers from the MINT and TRIMMER kits. Matching regions were then clipped from the reads using a custom Python script and 8,752,259 clipped reads of 35 nucleotides or more were retained for assembly.
Reads were assembled using a combination of SSAKE (Warren et al. 2007 ) and CAP3 (Huang and Madan 1999) . Both programs were run using their default parameters. The combination of the two assembly programs was necessary to circumvent the memory limitations imposed on SSAKE by the 32-bit Perl interpreter that was used at the time. Assembly was conducted in two rounds. In the Þrst round, the reads were split into batches of Յ10 6 and each batch was assembled with SSAKE. Two output Þles were obtained for each batch: the consensus sequences of assembled contigs and the sequences of singlet reads that were not included in a contig. The contig consensus sequences from each batch were then combined into a single input Þle and further assembled using CAP3. In the second round, the CAP3 output was used to provide "seed" sequences to SSAKE. The seeds were extended using the singlet sequences left over from the Þrst round of SSAKE assembly. Finally, the contig consensus sequences from the second round of SSAKE assembly were used as input for a second round of CAP3 assembly. Assembled sequences shorter than 100 bases were discarded.
The fate of each read during the assembly process was tracked using a combination of the output from SSAKE, a custom SQLite3 (available from www.sqlite. org) database and several custom python scripts. This procedure resulted in a list of reads that had been incorporated into each contig. The assembly was further reÞned by aligning reads to the consensus sequence of their contig using Consed version 19 (Gordon et al. 1998), as described in the programÕs manual.
Annotation. Gene Ontology (GO) terms were associated with assembled S. albicosta transcript sequences by using Blast2GO (Conesa et al. 2005) . A BLASTX (Altschul et al. 1997 ) search of the NCBI nonredundant protein database was performed for each S. albicosta sequence with a minimum E-value of 10 Ϫ3 and a minimum HSP length of 25. Blast2GO then was used to infer GO terms for the S. albicosta sequences based on the annotations of the corresponding BLASTX hits. The initial GO annotations were improved by running the optional "ANNEX" analysis provided by Blast2GO (Gotz et al. 2008) . To obtain an overview of the distribution of high-level GO terms, the GOA GO Slim was applied using the functionality provided by Blast2GO.
The BLASTX hits furnished by the Blast2GO analysis were also used to identify the likely organismal source (i.e., S. albicosta versus associated microorganisms) of the sequences. For each transcript sequence for which one or more BLASTX hits were obtained, the accession number of the single highest-scoring hit was exported from Blast2GO. A custom Python/ Biopython script was used to query the NCBI databases and retrieve the taxonomy id associated with each accession number. The script then queried the NCBI taxonomy database to recover, where applicable, the superkingdom, kingdom, phylum, class, order, family, genus and scientiÞc name for each taxonomy id.
Verification of Selected Assembled Sequences.
A set of ten assembled sequences were selected to evaluate the accuracy of the assembly. The sequences were chosen from sequences that were annotated as being of insect origin and Ն500 bases long. Primer three (Rozen and Skaletsky 2000) was used to design PCR primers to amplify a region between 500 and 1,000 basepairs in length from each of the selected sequences. The target amplicons were ampliÞed by PCR and puriÞed by one of two methods. Amplicons derived from sequences EZ579877, EZ579885, EZ579916, EZ579933, and EZ579952 were ampliÞed in reactions of 20-l volume containing Þve ng normalized cDNA (see above) as a template, forward and reverse primers at 0.2 M, dNTPs at 0.2 mM each, 1.5 mM MgCl 2 , 0.5 U GoTaq Flexi DNA polymerase (Promega, Madison, WI) in one X GoTaq Flexi Buffer. Temperature cycling conditions for PCR were: initial denaturation at 95ЊC for 2 min followed by 30 cycles of 95ЊC for 30 s, 56ЊC for 45 s, 72ЊC for 1 min, and a Þnal extension step of 72ЊC for 5 min. PCR products were puriÞed using an IBI Gel/PCR DNA Fragments extraction kit (IBI, Peosta, IA). Amplicons derived from sequences EZ579865, EZ579872, EZ579873, EZ579936, and EZ579964 were ampliÞed in 20-l reactions of one X Qiagen Multiplex PCR Master Mix (Qiagen, Valencia, CA) containing 0.2 M each primer and Þve ng normalized cDNA. Temperature cycling conditions were 95ЊC for 15 min followed by 35 cycles of 94ЊC for 30 s, 56ЊC for 90 s, and 72ЊC for 90 s, with a Þnal extension step of 72ЊC for 10 min. PCR products were puriÞed by pooling three reactions per amplicon, which were added to 440 l 10 mM Tris-HCl (pH 8.0). The diluted PCR products were then reconcentrated by centrifugation through a Microcon Ultracell YM-100 spin column (Millipore, Billerica, MA) at 500 X g for 24 min followed by addition of a further 500 l 10 mM Tris and an additional centrifugation of 500 X g for 24 min.
PuriÞed PCR products were ligated into pGEM-T Easy plasmid vector (Promega) according to the supplierÕs instructions. The plasmid/PCR ligation was used to transform Escherichia coli XL1-Blue cells by electroporation. Plasmid DNA was isolated from four or Þve isolated E. coli colonies for each of the 10 PCR products. Plasmids were puriÞed using Zyppy Plasmid Miniprep Kits (Zymo Research, Orange, CA) and used as template for Sanger sequencing in both directions using standard T7 and SP6 sequencing primers with a GenomeLab DTCS Quick Start Kit (Beckman Coulter, Fullerton, CA). Sequencing reaction products were analyzed by capillary electrophoresis by using a CEQ 8000 instrument (Beckman Coulter). Sequencing reads were assembled to reconstruct the sequences of the 10 amplicons by using the programs Phred, Phrap and Consed (Gordon et al. 1998) .
SNP Detection and Testing. Searching for putative SNPs was restricted to sequences that met two conditions. Only sequences that were annotated as being of insect origin were used, to avoid SNPs in sequences originating from moth-associated micro-organisms. Of these, only sequences Ն500 nucleotides in length August 2012 MILLER ET AL.: WESTERN BEAN CUTWORM SNPSwere searched for SNPs, to maximize the chances that a SNP assay could be developed. This subset of sequences was used as a reference to which the original sequencing reads were mapped using Maq (Li et al. 2008) . The list of putative SNPs provided by Maq was Þltered to remove likely false positives and problematic SNPs using the following criteria for inclusion: consensus quality at the SNP position Ͼ50, average number of hits for reads at the SNP position Յ1, minimum consensus quality in the three positions ßanking the SNP Ͼ20 and no other credible SNPs within 50 nucleotides. Before testing putative SNPs experimentally, an additional Þlter was applied to minimize the incidence of false-positive candidates because of paralogous sequences. The sequences bearing putative SNPs were used as query sequences in a BLASTX search of the GLEAN-predicted Bombyx mori L. peptide set. Sequences that gave a hit to multiple B. mori peptides were excluded from further testing because they were likely to be members of conserved gene families.
The SNP-detection analysis was performed by mapping reads against the consensus sequences produced by SSAKE and cap3, before the reÞnement of the assembly. Because only trivial differences were observed between consensus sequences before and after read mapping, the positions of the already-detected SNPs were converted to their positions on the reÞned contig sequences, rather than repeating the entire SNP detection analysis unnecessarily. Conversion of SNP locations was done by aligning the initial and reÞned consensus sequence for each contig using "needle," part of the EMBOSS (Rice et al. 2000) suite. The aligned sequences were parsed using a custom Python script to convert SNP locations on the initial contig to the corresponding position on the reÞned contig.
Empirical testing of putative SNPs was done using the Sequenom MassARRAY system operated by the Genomic Technologies Facility, Iowa State University. The Sequenom Assay Design 3.1 software was used to design multiplex MassARRAY assays from a list of 273 candidate SNPs. Three multiplex assays of 36 candidate SNPs each (Table 1) were selected for testing. Testing was performed on a panel of 96 adult male moths collected from two sites in Yuma County, CO. DNA was extracted from individual moths by using a Cetyl trimethylammonium bromide-based method (Març on et al. 1999 ) and resuspended in 100-l TE buffer. The concentration of each DNA sample was estimated using a Nanodrop UV-spectrophotometer and diluted to 10 ng/l with water, whereupon it was transferred to the Genomic Technologies facility for MassARRAY analysis.
The Genepop computer program (Rousset 2008 ) was used to compute allele frequencies and to perform exact tests of genotypic differentiation between the two sample locations, of deviations from HardyÐWeinberg genotypic proportions and of deviations from linkage equilibrium between pairs of loci. The procedure of Benjamini and Hochberg (Benjamini and Hochberg 1995) was used to control the false discovery rate for tests at multiple loci, using a q-value of 0.05. The unbiased neutral distribution of SNPs, conditional on observing both alleles in a sample of 96 diploid individuals was simulated using CoaSim (Mailund et al. 2005) . Ten thousand SNP loci were simulated with minor allele frequencies between 1/192 and 0.5.
Results
Assembly. Two lanes of sequencing on an Illumina Genome Analyzer II yielded 13,231,040 reads of 75 nucleotides each. Filtering out low-quality reads and adaptor and primer sequences left 8,752,259 reads between 35 and 75 nucleotides in length (mean 61.7). An initial assembly of the Þltered reads using SSAKE and cap3 yielded 16,850 contiguous sequences Ն100 nucleotides in length. ReÞning the assembly by mapping reads back to their corresponding consensus sequences revealed three contigs for which the constituent reads could not be mapped satisfactorily to the consensus sequence, leaving 16,847 acceptable contigs in the Þnal assembly. Read mapping also resulted in the truncation of the consensus sequences of 2,840 contigs (16.8%) by a few (mean 9.18) bases because reads could not be mapped to one end of the consensus sequence. Most contigs were relatively short (Fig.  1) , the median length was 173 nucleotides. However, the total number of contigs was large enough that 2,527 contigs Ն500 nucleotides long were obtained. The consensus sequences of the contigs in the Þnal assembly were deposited with the NCBI Transcriptome Shotgun Assembly database under accession numbers EZ579864 ÐEZ596710.
Annotation. In total, 6,631 sequences (39.4%) had one or more signiÞcant BLASTX hits to the NCBI nonredundant protein database. Sequences that produced a BLASTX hit were signiÞcantly longer than those that did not (Wilcoxon-rank-sum W ϭ 52813264, P Ͻ 2.2 ϫ 10 Ϫ16 ). Blast2GO was able to assign one or more GO terms to 4,139 sequences (24.6%). A wide range of GO terms were represented, with 59 of the 66 terms in the GOA GO-Slim (89%) associated with one or more sequences. The GO terms associated with each sequence are given in Supplemental File S1 and gene descriptions assigned by blast2go are given in Supplemental File S2.
The majority of best BLASTX hits were to sequences from insects. In total, 5,306 sequences (80%) had their best hit to a database sequence of arthopod origin, of which 5,248 were insect sequences. The next most well represented phylum was Microsporidia, which contributed 732 hits (11%) followed by Chordata with 259 hits (3.9%). The remaining database hits were to sequences from a wide variety of sources including bacteria, archea, viruses, fungi, plants, and animals. The distribution of phyla from which the best BLASTX hits came is illustrated in Fig. 2 and full details are provided in Supplemental File S3.
Assembly Validation. PCR primers were designed to amplify portions of ten of the assembled contigs (Table 2 ). All 10 primer sets produced an amplicon that agarose gel electrophoresis indicated was of the size predicted from the contig consensus sequences. Cloning and sequencing of the amplicons revealed that nine of the amplicons were of precisely the length predicted from their corresponding consensus sequence. The amplicon produced by primers designed from contig EZ579873 differed from the expected length by a single nucleotide. The pair of primers designed to amplify contig EZ579865 also produced a second, shorter amplicon. The reduced length of this amplicon was because of an internal deletion (with respect to the consensus sequence) of 203 nucleotides (Fig. 3) . Sequence identity between the amplicons and their respective contigs was high, ranging from 97.9 to 99.9%.
SNP Detection and Testing. An initial, unÞltered search for putative SNPs in 1,780 contigs Ͼ500 bp, using Maq identiÞed 55,222 candidates, distributed over 1,776 contigs. Applying an initial quality Þlter reduced the number of credible candidate SNPs to 2,487, distributed over 1,265 contigs. BLASTX searches against the predicted silkworm peptides set showed that 273 contigs did not hit to more than one silkworm peptide and therefore were unlikely to be members of conserved gene families.
The most centrally positioned candidate SNPs in 108 of the 273 contigs were selected for empirical validation and assayed in three multiplex reactions (36 SNPs each) by using the Sequenom MassArray platform. Details of each candidate SNP and the outcome of empirical testing are given in Table 1 . Candidate SNPs were rejected on the grounds of a bad assay either if no or few individuals in the test panel generated data or if a majority of individuals had genotype calls that the Sequenom analysis software designated "Aggressive" or "Low Probability" or that required user intervention and could not be resolved. EightyÞve of 108 candidate SNPs gave reliable assay data.
Eight candidate SNPs were found to be monomorphic in the test panel of 96 individuals (Table 1) . After controlling the False Discovery Rate (FDR) to q ϭ 0.05, no locus showed signiÞcant genotypic differentiation between the two sites from which the test individuals were collected. This result allowed all 96 individuals to be pooled into a single sample for the purpose of testing for Hardy-Weinberg genotypic proportions. Controlling the FDR with q ϭ 0.05, nine SNPs were identiÞed with genotype frequencies that differed signiÞcantly from HardyÐWeinberg expectations (Table 1 ). The distribution of minor allele frequencies (i.e., the frequency of the less common allele) among loci that were both polymorphic and conformed to HardyÐWeinberg expectations is illustrated in Fig. 4 . The distribution of minor allele frequencies deviated slightly from a uniform distribution between 0 and 0.5, with a slight excess of alleles at low frequencies. This represents an excess of SNPs with high-frequency minor alleles compared with the unbiased neutral allele frequency spectrum (Fig. 5) . After controlling the FDR with q ϭ 0.05, two pairs of SNP loci exhibited signiÞcant deviations from linkage equilibrium. These were contig EZ589028, position 350 with contig EZ588114, position 602 and contig EZ589028, position 350 with contig EZ589139, position 555.
Discussion
The length distribution of contigs in our assembly was skewed heavily toward short sequences. Thus, most of the contigs represent fragments of expressed sequences rather than full-length transcripts. This length distribution is in keeping with some other as- Fig. 3 . Alignment of the sequences of two PCR amplicons to the sequence of contig EZ 579865, from which PCR primers were designed. Discrepant nucleotides are shaded. semblies of insect transcriptomes based on short-read Illumina sequencing. The median contig length of our S.albicosta assembly (173 bp) fell between those of recent assemblies of the transcriptomes of Bemisia tabaci (Gennadius) (357 bp) and Acyrthosiphon pisum (Harris) (92 bp) (G. R. Burke and N. A. Moran, unpublished NCBI submission, project accession PRJNA52531). Because the primary purpose of the assembly reported here was SNP discovery, the fact that most contigs were short and therefore likely to be partial transcript sequences was not a major concern. Nevertheless, the ability to assemble full-length transcript sequences from cost-effective short sequence reads is desirable. A signiÞcant issue that confronted us when assembling our sequences was that all of the available assembly programs designed for short read data were developed with a focus on assembling genome sequences. Genomes and transcriptomes differ in important ways, most notably in their expected read coverage. Thus, transcriptomes may violate some of the assumptions built into algorithms for assembling genomes from short reads (e.g., Chaisson and Pevzner 2008, Zerbino and Birney 2008) . Fortunately, a number of tools are being developed to extend assembly software designed for genomes to account for the peculiarities of transcriptomes (Robertson et al. 2010 , Grabherr et al. 2011 . Recently, Crawford et al. (2010) , demonstrated that the contig length of a short-read based transcriptome assembly of Anopheles funestus Giles could be signiÞcantly improved by taking advantage of modest amounts of preexisting traditional ESTs, in combination with peptide sequences derived from the Anopheles gambiae Giles genome. Taking a different approach, Chen et al. (2010) , were able to assemble a transcriptome of Locusta migratoria (L.) with reasonably long contigs by carrying out paired end sequencing at much greater depth (roughly 21-fold) than we used for S. albicosta. Evidently, the state of the art in short-read based transcriptome sequencing is advancing at a remarkable rate and researchers sequencing new transcriptomes in the future may anticipate considerably more complete assemblies than we achieved for S. albicosta.
A striking feature of our annotated sequences was that Ͼ10% appeared to be of microsporidian, rather than insect origin. Striacosta albicosta is commonly infected by a microsporidium in the genus Nosema (Su 1976) , so the discovery of microsporidian transcripts is not a great surprise. Nevertheless, this result highlights the fact that an effort to sequence the transcriptome of a multicellar organism is often an exercise in sequencing the meta-transcriptome of the target organism plus its associated microorganisms. It is not uncommon to identify appreciable numbers of nonarthropod sequences when sequencing the transcriptomes of whole insects , Xue et al. 2010 , Karatolos et al. 2011 , Bai et al. 2011 , although the source of these sequences (pathogens, symbionts or contaminants) is not always clear. When the motivation for transcriptome sequencing is to develop genetic markers, it is especially important to perform a taxonomic analysis of the resulting sequences. Such an analysis is the only practical way to be conÞdent that any candidate makers do indeed originate from the genome of the organism of interest.
Unsurprisingly, given that we chose to sequence the transcriptome of complete adult insects, our sequences were annotated with a wide variety of putative functions, processes and cellular locations. Potentially, our choice of whole insects risked our missing transcripts that are tissue-speciÞc or expressed at low levels because they could be diluted by housekeeping transcripts that are expressed in most cells. Normalizing the cDNA before sequencing helped to mitigate this risk. Although many of the transcripts were annotated with housekeeping functions others appeared to be tissue-speciÞc (Supplementary Files S1 and S2), including transcripts with complete or nearly complete open reading frames (ORFs). For example, genes involved in sensory perception included four complete odorant-binding protein ORFs (EZ581712, EZ583454, EZ584056, and EZ585325) and two nearly complete opsin ORFs (EZ583488 and EZ585684). Immunity related genes included a complete defensin ORF (EZ596498) and nearly complete hemolin (EZ580554) and petidoglycan recognition protein ORFs (EZ580007). Many more short contigs also were annotated with putative specialist roles. These short contigs represent fragments of genes but the full length transcripts could, in principle, be easily obtained using standard methods such as RACE (Rapid AmpliÞcation of cDNA Ends).
The main objective of the work reported in this paper was the identiÞcation of SNPs that could be used for genetic studies of S. albicosta. Hundreds of candidate SNPs were identiÞed Nearly two-thirds of the candidate SNPs that were tested proved to be genuine polymorphisms with Hardy-Weinberg genotypic proportions that should be suitable for population genetics research on the species. One SNP marker, on contig EZ589028 at position 350 exhibited signiÞcant linkage disequilibrium with two other loci and should therefore be avoided for use in population genetic analyses for which independence between loci is assumed.
The allele frequency spectrum of the SNP markers reported here showed a bias toward loci with highfrequency minor alleles (i.e., high heterozygosity), compared with the unbiased neutral distribution. This ascertainment bias is common in SNPs and stems from the fact that SNPs are identiÞed from a Þnite (often small) panel of individuals, which biases against the detection of rare alleles (Morin et al. 2004 ). The issue of ascertainment bias might be considered as a reason to favor microsatellites over SNPs when codominant markers are required. However, it should be noted that it is common practice to test new microsatellite markers on a panel of individuals and only use those loci deemed polymorphic in large scale population studies (e.g., Miller et al. 2000 , Coates et al. 2005 , Kim and Sappington 2005 , Torres-Leguizamon et al. 2009 ). This practice will cause microsatellite data to be subject to ascertainment biases in a similar manner to SNP data.
The work presented here represents a relatively inexpensive route to obtaining genetic markers. We estimate that the total costs of consumables and services to collect insects, prepare and sequence normalized cDNA and test the chosen candidate SNPs were under US$10,000. Equally, the amount of hands-on labor required to identify and test SNPs was modest, amounting to a few person-weeks to collect insects, prepare the normalized cDNA for sequencing and prepare DNA for SNP validation of the Sequenom system. The use of core facilities for high throughput sequencing and genotyping signiÞcantly reduced the amount of labor on our part. By far the most time consuming elements of the work reported here were the assembly, annotation and associated bioinformatic analyses and the veriÞcation of the assembly by traditional Sanger sequencing of selected genes. The time required for the former of these activities is being mitigated by the steady development of faster, more user-friendly transcriptome assembly software, whereas the need for validation will likely decline as knowledge accumulates on strategies to produce reliable assemblies. Even accounting for the time required for assembly and validation, the approach to SNP discovery reported here is highly efÞcient compared with our previous experiences developing microsatellite markers and SNPs using Sanger sequencing.
In the last few years, there has been a rapid adoption of second generation sequencing as a tool for genetic marker discovery. A number of publications have demonstrated that sequencing cDNA is an effective strategy for discovering microsatellites (e.g., Mikheyev et al. 2010 , Bai et al. 2010 , Angeloni et al. 2011 and SNPs (e.g., Novaes et al. 2008 , Bai et al. 2010 , Crawford et al. 2010 , Blanca et al. 2011 , Angeloni et al. 2011 . Thus far, transcriptome sequencing for marker discovery has mostly relied on 454 pyrosequencing, which has the advantage of comparatively long reads that facilitate contig assembly. Nevertheless, as we have shown here, the shorter-read, but much cheaper Illumina sequencing-by-synthesis technology also can provide transcript contigs that are adequate for both gene and molecular marker discovery.
